The LIS1-encoded protein (Lis1) plays a role in brain development because a hemizygous deletion or mutation of the human gene causes neuronal migration disorders, such as Miller±Dieker syndrome (MDS) or isolated lissencephaly sequence (ILS). Using a yeast two-hybrid screen, we have isolated a novel protein that interacts with mouse Lis1 (mLis1) which is termed mouse NudE-like protein (mNudE-L) because of its 49% amino acid conservation with NudE, a protein involved in nuclear migration in Aspergillus nidulans. GST pull-down assays and co-immunoprecipitation of fusion proteins expressed in mammalian cells con®rmed the interaction of mLis1 and mNudE-L. mNudE-L gives rise to a ,2.3 kb mRNA and encodes an ORF corresponding to ,38 kDa protein. The overall amino acid sequence of mNudE-L is 49±95% identical to proteins found in a variety of organisms, thus establishing mNudE-L as a new member of a protein family. The hallmark of this family is an N-terminal region predicted to form a coiled-coil domain. We show that mNudE-L and mLis1 are coexpressed in the postnatal and adult cerebral cortices and in the Purkinje neurons of the cerebellum. In contrast to mLis1, mNudE-L transcripts are absent in the mitral cell layer of the olfactory bulb and in the inward migrating granular neurons of the developing cerebellum. Mutant mLis1 proteins modelling mutations found in human lissencephaly patients fail to interact with mNudE-L, raising the possibility that phenotypic changes result, in part, from the inability of mutant Lis1 proteins to interact with the human NudE-L polypeptide. q
Introduction
Mutations in LIS1 cause lissencephaly, which is a developmental defect characterized by smooth brain surfaces and disorganized cortical layering thought to arise from abnormal neuronal migration (Dobyns et al., 1993) . Mice with homozygous deletions of mLis1 die soon after implantation, whilst heterozygous mLis1 mutant mice display cortical, hippocampal and olfactory bulb disorganization (Hirotsune et al., 1998) . In vitro cell migration assays and in vivo BrdU labelling experiments support the notion that the phenotype observed in these heterozygotic mice is indeed the result of abnormal neuronal migration (Hirotsune et al., 1998) . Furthermore, the expression of mLis1 occurs in neurons undergoing or preparing for migration in both the developing human and mouse brains (Albrecht et al., 1996; Reiner et al., 1995) . The LIS1-encoded protein (Lis1) has been highly conserved through evolution, showing only one amino acid difference between the human and mouse versions, and orthologues have been found in Drosophila and fungi (Hattori et al., 1994a; Liu et al., 1999; Peterfy et al., 1994 Peterfy et al., , 1998 Xiang et al., 1995a) . Lis1 was also puri®ed from bovine brain as a component of the brain-speci®c intracellular platelet-activating factor acetylhydrolase (Pafah1b). As part of this trimeric complex, Lis1 interacts with two PAF acetylhydrolases (Pafah), a 30 (also known as Pafah1b2) and a 29 kDa (or Pafah1b3) protein, but Lis1 itself does not harbour any apparent enzymatic activity (Hattori et al., 1994a) . The Pafah1b2 and Pafah1b3 subunits are coexpressed with mLis1 in neuronal tissue during the time of migration (Albrecht et al., 1996) , and mutant Lis1 proteins found in human lissencephaly patients fail to bind the Pafah1b2 and Pafah1b3 subunits (Sweeney et al., 2000) . In vitro assays show that PAF antagonists capable of inhibiting Pafah activity decrease the migration of cerebellar granule cells on a laminin substrate and cause neuronal cytoskeletal alterations that are accompanied by the rearrangement of microtubules Bix and Clark, 1998; Clark et al., 1995; McNeil et al., 1999) . Lis1 has also been identi®ed as a tubulin binding protein that reduces microtubule catastrophe events by stabilizing microtubules (Sapir et al., 1998. Recent genetic data suggest that Lis1 may play a role in nucleokinesis since the fungal homologue of Lis1 (NudF) has been isolated as a gene required for nuclear migration in Aspergillus nidulans (Xiang et al., 1995a) . In Aspergillus, nudF genetically interacts with several other genes required for nuclear migration. Some of these genes function as part of the microtubule motor machinery, including tubulin and dynein, whilst others are of, as yet, unde®ned function, such as NudE and NudC (E®mov and Morris, 2000; Morris et al., 1998; Xiang et al., 1995b) . Subsequent studies have demonstrated that NudE and NudC have mammalian homologues that directly associate with Lis1 (E®mov and Morris, 2000; Kitagawa et al., 2000; Morris et al., 1998; Xiang et al., 1995a; and this study) . Taken together, these data suggest that the phenotype observed in lissencephaly patients may be a consequence of disrupted nuclear positioning in migrating neurons, and that this nuclear translocation is under the control of microtubule motors (reviewed in Walsh and Gof®net, 2000) .
Lis1 belongs to the WD40 family of proteins (Neer et al., 1994 ) that have been described as`scaffolding' proteins linking functional machinery together Kitagawa et al., 1999; Sidow et al., 1999) . This protein structure coupled with the expression of Lis1 in most mammalian tissues and cells (Albrecht et al., 1996) advocates a multi-functional Lis1 protein.
Hence, Lis1 may co-ordinate several proteins of diverse functions or perhaps a family of similar proteins in different cells, in response to different signals or at different stages of development. This is evidenced by the diversity found in the known Lis-interacting proteins, which include PAF acetylhydrolases, cytoskeletal proteins and homologues of nuclear distribution proteins such as NudC and NudE (E®mov and Morris, 2000; Hattori et al., 1994a; Kitagawa et al., 2000; Morris et al., 1998; Sapir et al., 1998) . To search for additional Lis1-interacting proteins, a yeast two-hybrid library derived from the embryonic day 17 (E17) mouse was screened using mLis1 as bait. Several of the isolated clones encoded a murine NudE-like protein.
This new protein, together with a previously characterized endooligopeptidase, the rat and Aspergillus NudE proteins and MP43 from Xenopus, constitute a recently de®ned protein family (E®mov and Morris, 2000; Kitagawa et al., 2000) . All members of this family contain a highly conserved N-terminal coiled-coil domain and a more divergent C-terminal domain. Yet, even in the C-terminal domain, there are stretches of amino acid residues that are conserved across the large evolutionary distance from Aspergillus to mammals.
Results

Identi®cation of mLis1-interacting proteins using the yeast two-hybrid assay
To identify new mLis1-interacting proteins, a yeast twohybrid screen was performed using a mouse Lis1 construct as`bait' and a yeast two-hybrid library from E17 whole mouse embryos. A total of 32 clones were isolated that scored positive for two reporter genes (ade2, his3, see Section 4). Of these clones, three were the Pafah1b3 subunit of mouse Pafah1b (mPafah1b), i.e. a known binding partner of Lis1 (Hattori et al., 1994b) . Of the remaining cDNA clones, 14 encoded the same protein. The longest of these clones consisted of 2203 nucleotides and showed a reproducible mLis1 interaction upon rescreening in yeast.
Sequence analysis of the novel mLis1-interacting protein
Our 2203 nucleotide clone contained a putative transcription start site, but we nevertheless searched for longer cDNAs in a mouse cDNA library. Several positive clones were isolated, but none were longer than our original one. A genomic cosmid library was screened and several clones were isolated. Sequence analysis of the genomic clones showed an upstream stop codon in the exon containing our putative start site, thereby con®rming that we had isolated the full length ORF from the yeast two-hybrid library. The entire ORF encoded a putative protein of 345 residues with a predicted molecular weight of ,38 kDa (Fig. 1A) . The ORF displayed signi®cant amino acid sequence identity to several proteins in GenBank. The highest similarity to our ORF was with rabbit and human endooligopeptidase A protein (EOPA, Fig. 1A,B) . It is of particular interest that the ORF shared 49% amino acid conservation with an Aspergillus NudE protein. Due to this marked similarity with an ancestral protein, we refer to the protein encoded by our clone as mNudE-like (mNudE-L). mNudE-L is, however, only 56% identical to the recently described rat NudE, and thus, represents a novel gene (Kitagawa et al., 2000) . This view is further supported by the fact that a recent GenBank entry (designated mouse NudE; accession number, AA290473) shows 88% identity to rat NudE and is, therefore, the most likely mouse NudE orthologue. During the review process of this manuscript, a cDNA was made accessible in GenBank which also encodes mNudE-L (accession number, AF290472). Coincidentally, this cDNA has been designated`NudeL'. mNudE-L is also 61% identical to MP43, a Xenopus protein isolated in a screen for mitotic phosphoproteins, and shows signi®cant similarity to ro-11 of Neurospora crassa and the CQ8104 protein product of Drosophila melanogaster. The highest region of similarity between mNudE-L, EOPA, the NudE proteins, ro-11, the CQ8104 protein product and MP43 occurs in a coiled-coil domain (Fig. 1A) . A phylogenetic tree (Fig. 1B) illustrates the relationship between these mNudE-like homologues from different species. As indicated, mNudE-L shows the highest amino acid sequence identity with EOPA from both human and rabbit origins (95% amino acid conservation). At this stage, we are reluctant to call mNudE-L the murine orthologue of EOPA because mNudE-L lacks the metalloprotease motif (HEXXH) found in the longer C-terminal of rabbit EOPA (Hayashi et al., 2000) . Moreover, mNudE-L is shorter than either human or rabbit EOPA. mNudE-L contains numerous putative phosphorylation sites for cAMP-and cGMP-dependent protein kinases, protein kinase C, casein kinase II, tyrosine kinase and cyclin-dependent kinases (CDKs; Fig.  1A ). Screening for mLis1-interacting proteins, therefore, has led to the identi®cation of a mouse NudE homologue, and furthermore, has allowed us to de®ne a new member of a previously de®ned family of proteins characterized by an N-terminal coiled-coil domain (E®mov and Morris, 2000; Kitagawa et al., 2000) .
Analysis of mNudE-L mRNA size and tissue distribution
A 400 bp coding sequence fragment of mNudE-L was used to screen Northern blots of mouse brain total RNA in order to determine the size of the mRNA. Fig. 2A shows that a single ,2.3 kb band was detected, con®rming that the 2203 nucleotide clone was very close to being a full length cDNA. Hybridization of the same 400 bp mNudE-L probe to a multi-tissue and developmental Northern dot±blot (Fig.  2B) showed ubiquitous expression of mNudE-L mRNA in adult mouse tissues. mNudE-L is most highly expressed in the brain, kidney and testis, with the lowest levels being seen in ovarian and spleen tissues. mNudE-L mRNA can be detected in mouse embryonic tissue as early as embryonic day 7, the level falling at embryonic day 11, but rising steadily over days 15 and 17 (Fig. 2B) . Overall, this expression pro®le is similar to mLis1, although there are marked differences in the expression of these two genes (Reiner et al., 1995) . For example, the lung and kidney express similar amounts of mLis1, but mNudE-L transcripts are much more abundant in the kidney than in the lung. Furthermore, mNudE-L is highly expressed in the testis, while mLis1 is not (Reiner et al., 1995) .
Con®rmation of mLis1 and mNudE-L binding in vitro and in mammalian cells
The interaction between mLis1 and mNudE-L proteins suggested by the yeast two-hybrid data was further examined by a glutathione S-transferase (GST) pull-down assay and co-immunoprecipitation from mammalian cell extracts. A bacterially-expressed GST±mNudE-L fusion protein was able to bind to a [ 35 S]methionine-labelled sample of mLis1 in vitro (Fig. 3A , lane 5). The GST protein alone (lanes 2 and 3) or GST fused to a light-chain dynein (lane 4) showed no capacity for mLis1 binding. By contrast, a known binding partner, the Pafah1b3 subunit of mPafah1b, bound strongly to mLis1 (Hattori et al., 1994a) . These data demonstrate direct association of mLis1 and mNudE-L proteins in vitro.
DNA constructs coding for a FLAG-tagged mNudE-L and an EGFP-tagged mLis1 were co-transfected into U2OS cells (an osteosarcoma cell line). The cells were lysed 48 h following the transfection. As shown in the Western blot of Fig. 3B1 , FLAG-tagged mNudE-L and FLAG-tagged SNAPIN (an unrelated control protein) were expressed in U2OS cells. EGFP±mLis1 and associated proteins were then immunoprecipitated from the cell lysates using an EGFP-speci®c antibody, separated by SDS-PAGE, Western blotted and probed with an anti-FLAG antibody (Fig. 3B2 ). This resulted in a strong band in extracts derived from cells expressing mLis1 and mNudE-L, but not cells with mLis1 and SNAPIN or EGFP. Hence, a yeast twohybrid assay, a GST pull-down assay and immunoprecipitation experiments using mammalian cell extracts established that mLis1 and mNudE-L are capable of interacting with each other.
Coexpression of mNudE-L and mLis1 in developing and adult mouse brain
A requirement for mNudE-L and mLis1 to interact in vivo is that they must be coexpressed in the same tissues. The Northern data has shown that mLis1 and mNudE-L are both expressed in brain tissue, but these data do not address whether mLis1 and mNudE-L are coexpressed in the same cell types in the CNS. To answer this question, we used in situ hybridization with digoxigenin-tagged antisense fragments of mNudE-L and mLis1. In postnatal day 6 (P6) mouse brain, mNudE-L expression was seen in layers 2±4 of the cortex, with stronger expression in the outermost layers (Fig. 4A ). An adjacent section hybridized with a mLis1 riboprobe showed a similar expression pattern, although the expression extended more inward and was also seen in the subplate (Fig. 4B) . It had been shown previously that mLis1 is expressed in the mitral cell layer of the olfactory bulb (Albrecht et al., 1996; Fig. 4D) . Interestingly, mNudE-L is not expressed in these neurons (Fig.  4C ). mLis1 is highly expressed in the internal granular layer of the P6 cerebellum (Reiner et al., 1995) . By contrast, mNudE-L transcripts are not detected by in situ hybridization in these cells (data not shown). There is strong agreement of expression patterns of mNudE-L and mLis1 in the adult cortex and in the cerebellum. In the cortex, both genes are ubiquitously expressed (Fig. 5A,B ). The expression of mLis1 and mNudE-L is particularly strong in Purkinje neurons of the cerebellum (Fig. 5C,D ). The expression of both genes was also observed in the cornu ammonis, but not the dendate gyrus (data not shown).
Binding of mNudE-L to mutant mLis1 proteins
If mNudE-L is involved in neuronal migration, it is expected that the binding of mNudE-L to mLis1 is disrupted in patients with lissencephaly. Eight mutant mLis1 fusion proteins, six of which represent human mutations found in lissencephaly patients, were tested for their ability to bind to mNudE-L ( Fig. 6A ; Sweeney et al., 2000; Lo Nigro et al., 1997; Pilz et al., 1998 Pilz et al., , 1999 Fogli et al., 1999) . Of the mutant mLis1 proteins, four contained single amino acid changes, three were truncated proteins of varying lengths and one had the N-terminus removed (Fig. 6A) . Two of the point mutations altered amino acids that occupy positions shown to be important for the interaction of the b-subunit of transducin with its binding partners. Transducin is a structural homologue of mLis1 (Garcia-Higuera et al., 1996; Ho et al., 1997; Lambright et al., 1996) . Both a yeast two-hybrid assay and a GST-pull-down assay were employed to determine the interaction of mNudE-L to the mutant mLis1 proteins. Importantly, we demonstrated previously that wild-type mLis1 and all of the tested mLis1 mutant proteins are expressed in comparable amounts in both the transcription and translation (TNT) and the yeast two-hybrid expression systems (see Figs. 3 and 5C in Sweeney et al., 2000) . The amino acid sequence of mNudE-L is aligned with the amino acid sequences of rabbit and human EOPA, A. nidulans, mouse and rat NudE, and X. laevis MP43. Residues that are identical in all seven proteins are coloured red, conserved residues are blue, weakly similar residues are green, and non-homologous residues are black. The region predicted to form a coiled-coil domain, capable of forming intimately associated bundles of long a-helices, is depicted with the letter`H'. Putative phosphorylation sites are marked as follows: (±-), cAMP-and cGMPdependent protein kinase phosphorylation site; (***), protein kinase C phosphorylation sites; (___), casein kinase II phosphorylation sites; (111), tyrosine kinase phosphorylation site; and (###) Cdk sites. (B) Phylogenetic tree showing the relationship of mNudE-L amino acid sequence with related proteins. The percentages on each branch represent amino acid identity and conservative substitutions, respectively. GenBank accession numbers for the proteins in (A) and (B) are: rabbit EOPA, AAB99905.2; human EOPA, AAF24516.1; rat NudE, AAG10105.1; MP43, AAC60121.1; mouse NudE, AAG10062.1; Drosophila CG8104, AAF50184.1; Aspergillus NudE, AAC35556.1; ro-11, T03834.
The results of both assays were consistent (Fig. 6B,C) . mNudE-L interaction with mLis1 was observed with wildtype mLis1 (Fig. 6B , right panel and Fig. 6C, lane 1) . By contrast, such interaction was absent with all mLis1 mutations, except mLis1V400W. The mLis1V400W mutation is not a naturally occurring mutation, but models a critical interaction between the b-subunit of transducin and phosducin and G a (Gaudet et al., 1996; Lambright et al., 1996) . S152 is also critically involved in this interaction in transducin (Gaudet et al., 1996; Whiteway et al., 1994) . Apparently, altering this residue in mLis1 also disrupts the binding of mNudE-L. Of note is the result with the N-terminally deleted mutant of mLis1. Both interaction assays demonstrate that the N-terminus of mLis1 is essential for interaction with mNudE-L. This is not the case with the Pafah1b2 and Pafah1b3 subunits of mPafah1b where binding is maintained in the absence of the N-terminus (Sweeney et al., 2000) .
Discussion
A heterozygous deletion or mutation of the LIS1 gene results in lissencephaly, a human syndrome characterized by smooth brain surfaces and disorganized cortical layering (Dobyns et al., 1993) . Such dysmorphogenesis may arise from abnormal neuronal migration, and hence, Lis1 may direct or regulate cell movement. Lis1 is a WD40 repeat protein and has a structure designed for interactions with other proteins (Neer et al., 1994) . Identifying such proteins and elucidating their functions is likely to shed light on the mechanism of action of this important developmental protein. We report a novel mLis1-interacting protein, called mNudE-like protein (mNudE-L) because it contains motifs characteristic of the NudE protein of A. nidulans. Although mNudE-L is a NudE homologue, it is only 56% identical to the recently described rat NudE (Kitagawa et al., 2000) . mNudE-L also has high amino acid sequence similarity with a Xenopus protein, MP43, ro-11 of N. crassa, the CQ8104 protein product of D. melanogaster, as well as with the human and rabbit EOPAs. Incidentally, mNudE-L was also encoded by a cDNA made accessible in GenBank during the review process of this manuscript (accession number, AF290472). The mouse cDNA described here was isolated from a yeast two-hybrid screen and the binding of the encoded protein to mLis1 was con®rmed in two further independent binding assays. Given that almost 50% of the yeast two-hybrid positive clones that were isolated in this screen coded for mNudE-L, it is tempting to speculate that mNudE-L is one of the predominant binding partners of mLis1 in day 17 mouse embryos.
Sequencing and Northern analysis identi®ed the open reading frame of mNudE-L predicting a 345 amino acid protein. This is exactly the size of rat NudE (Kitagawa et al., 2000) , but smaller than the predicted size of the rabbit EOPA protein (Hayashi et al., 2000) . Since mNudE-L and mLis1 physically interact, it is of considerable interest to compare their expression patterns. Both the Northern blotting data and the in situ hybridization analysis provided evidence for coexpression in some cases, but also illustrated a number of marked differences in expression patterns. For example, mLis1 is highly expressed in the mitral cell layer of the olfactory bulb (Albrecht et al., 1996;  Fig. 4D ), but mNudE-L transcripts were not detected in these cells. Note, mPafah1b2 and mPafah1b3, two proteins also interacting with mLis1, are highly expressed in the mitral cell layer (Albrecht et al., 1996) . Thus, there is a clear distinction in the expression patterns of the different mLis1 binding partners. This notion is further corroborated by our ®nding that, unlike mLis1, mPafah1b2 and mPafah1b3, mNudE-L transcripts are not detected by in situ hybridization in migrating internal granular layer neurons of the cerebellum at P6. This may be signi®cant in so far as the expression of mPafah1b2 and mPafah1b3 in these migrating cells has been used as an argument associating these proteins with neuronal migration (Albrecht et al., 1996) .
Another signi®cant result described in this report is the similarity of mNudE-L with the A. nidulans, mouse and rat NudE proteins (E®mov and Morris, 2000; Kitagawa et al., 2000) . The region of mNudE-L predicted to form a coiledcoil domain has 91% amino acid conservation with the corresponding domain of mouse, rat and Aspergillus NudE proteins (E®mov and Morris, 2000; Kitagawa et al., 2000) . This domain can also be found in N. crassa ro-11 (Minke et al., 1999) . Both ro-11 and NudE were isolated in searches for genes that are required for nuclear migration (E®mov and Morris, 2000; Minke et al., 1999) . The coiled-coil domain of the Aspergillus NudE protein is capable of rescuing the nuclear migration function in NudE null mutants, demonstrating a critical role for this domain in nuclear translocation (E®mov and Morris, 2000) . Furthermore, both rat and Aspergillus NudE proteins bind to the species-equivalent homologues of Lis1 (E®mov and Morris, 2000; Kitagawa et al., 2000) . This is exactly what we found for mNudE-L.
Interestingly, a protein from Xenopus laevis, known as MP43, also contains this helical domain. MP43 was isolated in a screen searching for proteins that were phosphorylated during mitosis (Stukenberg et al., 1997) . A link between Lis1 function and mitotic control has already been established in Drosophila (Liu et al., 1999) . Both mNudE-L and rNudE contain several potential Cdk phosphorylation sites (see Fig. 1A ; Kitagawa et al., 2000) . Of note, mice lacking cyclin-dependent kinase 5 (Cdk5) or its speci®c activator, p35, also show neuronal migration disorders (Chase et al., 1997; Ohshima et al., 1996) . It is possible that mNudE-L is a substrate of Cdk5. Several other putative phosphorylation sites are also present in mNudE-L and rabbit EOPA ( Fig.  1A ; Hayashi et al., 2000) , including MAP kinase and calcium-dependent kinase consensus sequences. It has been suggested that phosphorylation at these sites in rNudE may regulate binding to Lis1 (Kitagawa et al., 2000) , and the same could be true for mNudE-L.
The WD40 repeat domain of mLis1 is critical for a stable interaction with the Pafah1b2 and Pafah1b3 subunits of mPafah1b (Sweeney et al., 2000) . Mutations affecting this region of Lis1 also disrupt binding to mNudE-L. Interestingly, substituting the residue at position 400 from valine to a bulky tryptophan had no effect on binding of mNudE-L, Pafah1b2 or Pafah1b3 proteins to mLis1. This residue is essential for the interaction of b-transducin (a prototypic WD40 protein) and phosducin or G a (Gaudet et al., 1996; Lambright et al., 1996) . Apparently, complexes of Lis1 with either mNudE-L, the Pafah1b2 or the Pafah1b3 polypeptide are different from that seen with transducin.
The N-terminus of Lis1 is a predicted helical region and may interact with the coiled-coil domain of NudE and mNudE-L proteins. Mutation analysis experiments show this to be the likely scenario for rNudE since an N-terminal deletion of Lis1 abolished binding to rNudE (Kitagawa et al., 2000) . Our results point in the same direction. We found that a mLis1 protein lacking the N-terminus failed to interact with mNudE-L, although a weak interaction with the Pafah1b2 and Pafah1b3 catalytic subunits of mPafah1b was maintained (Sweeney et al., 2000) . Thus, there is a difference in the binding of mNudE-L and the Pafah1b2 and Pafah1b3 subunits of mPafah1b to the N-terminal region of mLis1. Our observations suggest that the Pafah1b2 and Pafah1b3 catalytic subunits of mPafah1b, and the mNudE-L protein have overlapping binding sites on the mLis1 molecule. Consistent with this notion, it was shown that rNudE and the Pafah1b2 and Pafah1b3 subunits did not bind to Lis1 simultaneously, but in a competitive manner (Kitagawa et al., 2000) .
A current pursuit is to determine whether or not mNudE-L harbours protease activity, given the sequence homology to EOPA. Secreted metalloproteases play an important role in cell movement, digesting extracellular matrix proteins, packaging proteins for secretion and cleaving signalling peptides for maturation (Shapiro, 1998) . Endooligopeptidase A (EC 3.4.22.19) converts small enkephalin-containing peptides to their corresponding enkephalins and also hydrolyses bradykinin and neurotensin (Ferro et al., 1991) . Rabbit EOPA is found in the cytosol and synaptic membranes of brain regions that are also rich in opioid peptides, such as the striatum and the hypothalamus (Ferro et al., 1991) . The secretion of rabbit EOPA has been demonstrated and mNudE-L may also be a secreted protein (Ferro et al., 1993) . The typical metalloprotease consensus sequence (HEXXH) found in rabbit EOPA is not, however, present in mNudE-L, and hence, it remains to be demonstrated whether this protein is a protease as has been shown for rabbit EOPA (Hayashi et al., 2000) .
In summary, this study introduces mNudE-L as a novel mLis1-interacting protein and adds to the notion of a new family of mammalian proteins containing the coiled-coil domain designed to interact with Lis1. These proteins appear to have different functions, although their mechanisms of action have not been thoroughly investigated. The remarkable evolutionary conservation of this domain in proteins linked to both nuclear and neuronal migration suggests that this coiled-coil domain has a critical function in cellular movement. De®ning this function is clearly imperative to our understanding of the role of Lis1 in neuronal migration, and perhaps more speci®cally, in organelle translocation within the cell.
Experimental procedures
Yeast two-hybrid library screen
A plasmid, mLis1pAS2, encoding a fusion protein of mLis1 and the GAL4 DNA binding domain was created and tested for expression and self-activation in yeast as described previously (Sweeney et al., 2000) . The yeast strain, PJ69-4A, which contains both the His3 and Ade2 nutritional reporters (James et al., 1996) , was used for the library screen. The cells were transformed using the small scale LiAC transformation procedure as described in the Clontech Matchmaker GAL4 Two-Hybrid User Manual. A 17-day mouse embryo library made from Swiss Webster/NIH mice was ampli®ed and screened for mLis1-interacting proteins as prescribed by the manufacturer (Clontech). Sequencing of all positive clones was performed using the Perkin±Elmer ABI prism protocol and a Perkin±Elmer ABI377 automatic sequencer. The analysis of mNudE-L binding to mutant mLis1 proteins was performed using the yeast two-hybrid assay as described in Sweeney et al., 2000. 
GST pull-down assays
The mNudE-L cDNA was subcloned from pACT2 (Clontech) into the BamH1/Xho1 sites of pGEX5X (Pharmacia). The GST fusion protein was expressed in Escherechia coli BL21 cells as described previously (Sweeney et al., 2000) . The protein concentration was estimated using SDS-PAGE, followed by Coomassie staining, and then by comparing the fusion protein bands to BSA of known concentrations.
mLis1 and the respective mutant cDNAs were subcloned into pBluescriptSK 1 (Stratagene) from pAS2 using EcoR1/ BamH1 sites, to allow for transcription from a T7 promoter. The TNT Quick Coupled Transcription/Translation Kit (Promega) was used, to express [ 35 S]methionine-labelled mLis1 and mutant mLis1.
Radiolabelled mLis1 or mutant mLis1 proteins were incubated with 1 mg of GST or GST fusion protein and 40 ml of glutathione agarose (50% slurry). Proteins bound to the agarose were isolated and visualized as described previously (Sweeney et al., 2000) .
Preparation of mammalian expression constructs and transfection of U2-OS cells
The mLis1 ORF was cloned into the Sal1/BamH1 sites of a pEGFP mammalian expression vector (Clontech) that had the MCS altered by the addition of a primer into the Sal1 site. This construct allowed the expression of mLis1 protein with a green¯uorescent tag. The ORF of mNudE-L was excised from the original pACT2 vector in which it was isolated and placed into the pCMV2C vector (Stratagene) using the EcoR1 and Xho1 sites. This allowed the expression of a FLAG-tagged mNudE-L protein in mammalian cells.
U2OS cells were propagated in Dulbecco's modi®ed Eagle's medium (DMEM, Life Technologies, G61965-026) with 4.5 g/l glucose, 2 mM glutamine, 20 mM HEPES, 10% foetal bovine serum without antibiotics at 378C with 5% CO 2 . Exponentially growing cells were transiently co-transfected with FLAG-and EGFP-tagged fusion protein constructs using Lipofectamine 2000 transfection reagent (Life Technologies) according to the manufacturer's recommendations. Twenty-four hours after transfection the cells were washed 3 times in PBS and then scraped down into 200 ml of lysis buffer (50 mM HEPES, 150 mM NaCl, 1 mM EDTA, 0.1% Tween 20, 10% glycerol, 10 mM b-glycerophosphate, 1 mM NaF, 0.1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl¯uoride (PMSF), 10 mg/ ml leupeptin and 10 mg/ml aprotinin). The harvested cells were then lysed for 1 h on ice with rigorous vortexing every 10 min. The lysate was centrifuged at 13 000 rev./min for 20 min at 48C to pellet cell debris. The supernatant was transferred to a fresh tube ready for Western blotting and immunoprecipitation experiments.
Immunoprecipitations and Western blotting of fusion proteins
A 30 ml aliquot of the lysate prepared from transfected cells was removed and prepared for Western blot analysis in order to check for fusion-protein expression (30 ml lysate 1 15 ml 3£ SDS sample buffer). Following con®rma-tion of protein expression, the remaining lysate was pre- Fig. 6. cleared with 40 ml of protein-G agarose pre-equilibrated with lysis buffer (50% slurry; Boehringer Mannheim). The pre-cleared lysate was then incubated overnight with 2 mg of antibody against the green¯uorescent protein tag (mixture of two mouse monoclonal antibody clones, 7.1 and 13.1; Boehringer Mannheim) at 48C with constant rotation. The lysate was then incubated with 40 ml of protein-G agarose (50% slurry) for 2 h at 48C with constant rotation to isolate the antibody±protein complexes. Following incubation, the lysate was centrifuged and the supernatant removed to a fresh tube. The beads were washed 4 times in lysis buffer (with 1 mM PMSF, 10 mg/ml leupeptin and 10 mg/ ml aprotinin) and resuspended in 30 ml lysis buffer with 15 ml 3£ SDS sample buffer. The supernatant from the beads was also prepared for analysis (30 1 15 ml 3£ SDS sample buffer). All samples were boiled brie¯y before being separated on a 15% polyacrylamide gel. The gel was transferred onto polyninylidene di¯uoride (PVDF) membrane (Machery and Nagel) and blocked in 5% low-fat milk in TBS/ Tween (0.1%) overnight. The blocked ®lter was washed brie¯y in TBS/Tween (0.1%) for 2 £ 10 min. The ®lter was then incubated with an antibody against the FLAGtag (rabbit anti-octapeptide epitope tag antibody, Zytomed, 1:250 dilution in TBS/BSA (5%)) for between 2 h and overnight. Washes (6 £ 5 min) with TBS/Tween (0.1%) were then performed before adding the secondary antibody (peroxidase-conjugated Af®nipure Goat anti-rabbit IgG (H 1 L), Jackson Labs, diluted 1:20 000 in TBS/Tween (0.1%) containing 5% low-fat milk). The secondary antibody incubation lasted 1 h and was followed by another 6 £ 5 min washes in TBS/Tween (0.1%). The Pierce`supersignal' solutions were used as directed by the manufacturers to detect the bound secondary antibody using chemiluminescence. A 1 min exposure was usually suf®cient to detect protein bands.
Sequence analysis
Vector NTI software was used for multiple sequence alignments and analysis. Phosphorylation sites were de®ned using the ScanProsite programme available at http:// www.expasy.ch, and protein domains were de®ned using SMART domain prediction software available at http:// smart.embl-heidelberg.de. Calculations were based on the work of Lupas et al. (1991) and the E-value was ,1 £ 10 212 . Homologous sequences were found with BLAST searches, software accessible via http://www.ncbi.nlm.gov.
RNA extraction and Northern analysis
To estimate the mRNA size of mNudE-L in the mouse brain, RNA was extracted from whole adult mouse brains using RNazol solution (WAK-Chemie Medical GmbH) according to the manufacturer's instructions. A 400 bp EcoR1/Xma1 fragment of the mNudE-L coding sequence was used as a probe for Northern analysis. The probe (25± 50 ng) was radioactively labelled using the oligolabelling kit from Amersham Pharmacia Biotech. Labelled probes were hybridized to the membrane at 658C in Quickhyb solution (Stratagene) with an extra 100 ml of boiled salmon sperm DNA for blocking. The most stringent wash was at 608C in 0.1% SSC, 1% SDS.
To determine the tissue distribution of mNudE-L mRNA in mice, the same 400 bp cDNA fragment was radioactively labelled and hybridized to a dot±blot containing mRNA from various adult and embryonic mouse tissues. The dot± blot was purchased from Clontech and had undergone stringent loading controls. The conditions for hybridization were exactly as prescribed by the manufacturer.
In situ hybridization protocol
Embryo collection, sectioning and in situ hybridization were performed as described previously . Digoxigenin-tagged antisense and sense riboprobes were synthesized with T7 or T3 RNA polymerase using linearized mLis1 or mNudE-L ORF fragments. Hybridization was performed overnight at 548C with a probe concentration of 100 ng/ml. Post-hybridization washes were Fig. 6 . Binding of mNudE-L to mutant mLis1 proteins. (A) This diagram illustrates the mLis1 mutations investigated. All mutants, except mLis1V400W and mLis1S152W, represent mutations found in human lissencephaly patients. mLis1V400W and mLis1S152W have single amino acid changes in residues shown to be important for a structural homologue of mLis1, transducin, to interact with its binding partners. Each block signi®es a WD40 repeat region of mLis1. Missense mutations are indicated with an arrow. Truncation mutations are depicted to show the predicted protein and are labelled according to the residue number where translation is terminated. The exception is mLis1DN, where the entire N-terminus has been deleted. (B) Yeast two-hybrid assay showing the interaction of mNudE-L with wild-type and mutant mLis1 fusion proteins. PJ69-4A yeast cells cotransformed with yeast two-hybrid expression vectors encoding for fusion proteins of mNudE-L and wild-type or mutant mLis1 constructs were capable of growing on media that lacked leucine and tryptophan (left control panel). The wild-type mLis1 fusion protein was capable of interacting with the mNudE-L fusion protein as shown by the yeast's ability to grow on the ade 2 nutritional selection media (right panel, top left-hand corner). mNudE-L was also able to interact with mLis1V400W mutant mLis1 protein, but not with any of the other mutants tested (compare V400W colony in right-hand panel to other mutants tested). mLis1 did not interact with the GAL4 activation domain alone, nor did mNudE-L interact with the GAL4 binding domain (mLis1cntl and mEOPAcntl colonies, respectively). WT, wild-type mLis1; H149R, D304, D144, DN, D386, S152W, V400W, S169P are mLis1 mutants described in panel (A); mLis1 cntl, yeast cells transformed with pAS2.1mLis1 and empty pACT2 vector; mNudE-L cntl, yeast cells transformed with pACT2mNudE-L and empty pAS2.1 vector. (C) GST pull-down assay showing the interaction of mNudE-L with wild-type and mutant mLis1 fusion proteins. [ 35 S]methionine-labelled mLis1 was capable of interacting with GST-tagged mNudE-L fusion protein (Fig.  3A and lane 1) . A mutation at position 400 of the mLis1 protein from valine to tryptophan did not disrupt this interaction (lane 5). All other mutations of mLis1 examined abolished the interaction of mNudE-L and mLis1 in this system (lanes 3, 4 and 6±10). Lane 2 again con®rmed that mLis1 does not bind to the GST tag. The wild-type and mutant mLis1 proteins are all expressed in the TNT system and with similar ef®ciencies, as demonstrated previously (Sweeney et al., 2000) .
performed at 628C, with the most stringent wash being 0.1£ SSC, 0.05% Tween-20. To visualize the digoxigenin hapten, a high af®nity antibody anti-digoxigenin±alkaline phosphate conjugate from Boehringer Mannheim was used with tyramine ampli®cation.
Screening genomic library and RT-PCR
The mNudE-L cDNA fragment used for Northern analysis was also employed to screen a mouse genomic cosmid library. The library was obtained from the German Primate Data Resource Centre (RZPD) and was already spotted onto high density array ®lters. Our radioactively-labelled probe was hybridized to these ®lters according to the instructions supplied. Positive cosmid clones were obtained directly from the RZPD, cultured and the cosmid DNA extracted using Qiagen DNA extraction kits with special recommendations for cosmid DNA extractions. Sequence data were obtained directly from these cosmid DNA preparations using 1 mg of DNA and the sequencing method described above.
One of the mNudE-L genomic clones that was isolated contained an extended 5 H region which contained our putative transcription start site with an in-frame upstream stop codon. To con®rm that this cosmid sequence was all part of one exon, an RT-PCR was performed using¯anking primers. Total RNA extracted from adult mouse brain (1 mg) was used with an oligo-dT, thermoscript reverse transcriptase (Gibco) and an annealing temperature of 508C. The primers for the PCR reaction were CACTGAA-GATGCTTGGCAGAA and TGGCCTCCGACACC-CAGG. Forty cycles of PCR were performed using HF expand polymerase mix (Boehringer, Mannheim) with an annealing temperature of 588C. In this way, it was con®rmed that this 5 H extended region was part of an exon, thereby con®rming that our putative transcription start site was indeed the beginning of our open reading frame due to the upstream stop codon.
